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Description
Technical Field

[0001] The presentinvention relates generally to sem-
iconductor testing using luminescence imaging and more
particularly to a method and apparatus for identifying
electrically isolated or poorly connected regions of indi-
rect bandgap semiconductor devices, such as silicon so-
lar cells.

Background

[0002] Production of a solar cell begins with a bare
semiconductor wafer such as a silicon wafer. During pro-
duction, a metal pattern or grid is applied to the wafer,
typically by means of screen printing or a buried contact
process. The purpose of the metal pattern or grid is to
collect electric current generated in response to excita-
tion of the semiconductor structure of the solar cell by
means of an external source of illumination. The metal
grid typically comprises multiple fingers that are electri-
cally connected to one or more bus bars.

[0003] Forreasons of efficiency, on the one hand, itis
desirable to maximize the light collection area of a solar
cell. This dictates that the fingers should be thin, narrow
and widely spaced to reduce shading of the light collec-
tion area. Also for reasons of efficiency, on the other
hand, it is desirable that the metal fingers transfer electric
current with minimal electrical losses. This dictates that
the metal fingers should be thick, wide and closely
spaced to minimize resistive losses. A large component
of solar cell design is thus to achieve a good compromise
between these opposing requirements.

[0004] Photovoltaic solar cell manufacturing is gener-
ally characterized by significant rejection rates of devices
that fail to meet required specifications for efficiency and
conventional testing methods are generally unable to de-
termine the reasons for solar cells that exhibit poor effi-
ciency. Regions of a good photovoltaic device are later-
ally connected in parallel via low series resistance. One
specific mode of photovoltaic device failure is that regions
in a photovoltaic device become electrically isolated from
or poorly connected to other regions in the photovoltaic
device. For example, metal fingers break during manu-
facturing of solar cells, particularly during screen printing
of optimal designs that are characterized by very thin
fingers. In that case electrical current generated in the
immediate vicinity of broken fingers cannot be effectively
collected, which results in a loss in efficiency of the solar
cell. Another failure mode results from a high contact
resistance or specific areas within a solar cell with en-
hanced contact resistance. Current flow from the bulk of
the semiconductor to the metal contacts causes a voltage
drop that is determined by the contact resistance. Locally
enhanced contact resistances reduce the efficiency of
solar cells. Various potential sources of such locally en-
hanced contact resistances exist in industrially manufac-
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tured solar cells.

[0005] A need thus exists for methods and systems
that enable identification of poorly connected or electri-
cally isolated regions in indirect bandgap semiconductor
devices. A need also exists for methods and systems
that enable identification of broken metal fingers, bus
bars and connections between fingers and bus bars in
solar cells, which are a common problem occurring in
industrial solar cells.

Prior Art

[0006] Several prior art documents are known which
teach a method and/or an apparatus for identifying mi-
nority carrier lifetime-related defects in indirect bandgap
semiconductor devices.

[0007] For example, International Patent Application
No. WO 98/11425 (Bio Rad) teaches an apparatus to
detect micro-defects in a semiconductor device. The ap-
paratus comprises optical excitation means for exciting
the semiconductor device to emit photoluminescence,
image capture means for capturing images of photolu-
minescence emitted from the semiconductor device in
response to the excitation and processing means for
processing the photoluminescence images to determine
variations in minority carrier lifetime across the semicon-
ductor device. However, WO 98/11425 fails to disclose
a method to describe how the processing of the images
is performed, or the identification of electrically isolated
or poorly connected regions of a semiconductor device.
It also fails to disclose the generation of electrolumines-
cence from the semiconductor device, or the generation
of photoluminescence while varying a voltage level
across the contact terminals of the semiconductor de-
vice.

[0008] An article "Photographic surveying of minority
carrier diffusion length in polycrystalline silicon solar cells
by electroluminescence" by Takashi Fuyuki et al in Ap-
plied Physics Letters, vol 86, no 26, 24 June 2005,
262108, teaches a method for revealing regions of re-
duced minority carrier diffusion length in solar cells (sem-
iconductor devices) using electroluminescence. The
method comprises the steps of electrically exciting the
semiconductor device to cause the indirect bandgap
semiconductor device to emit electroluminescence, cap-
turing the images of electroluminescence emitted from
the semiconductor device in response to the external ex-
citation, and then determining regions of reduced minor-
ity carrier diffusion length based on intensity variations
across an electroluminescence image. The article fails
to teach the identification of electrically isolated or poorly
connectedregions of an indirect bandgap semiconductor
device, or the acquisition of photoluminescence images.

Summary

[0009] Aspects of the presentinvention relate to meth-
ods and systems for identifying electrically isolated or
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poorly connected regions of an indirect bandgap semi-
conductor device. The invention is defined by the claims.
Some of the aspects and the embodiments described in
the following do not fall under the scope of the invention
as defined in the claims.

[0010] Afirstaspectofthe presentinvention comprises
the steps of externally exciting the indirect bandgap sem-
iconductor device to cause the indirect bandgap semi-
conductor device to emit luminescence, capturing imag-
es of luminescence emitted from the indirect bandgap
semiconductor device in response to the external exci-
tation, and determining spatially resolved properties of
the indirect bandgap semiconductor device based on a
comparison of relative intensities of regions in two or
more of the luminescence images. A first luminescence
image is selected from the group consisting of a photo-
luminescence image generated by exciting said indirect
bandgap semiconductor device with incident light suita-
ble for inducing photoluminescence whilst contact termi-
nals of said indirect bandgap semiconductor device are
maintained in an open circuit state, and a photolumines-
cence image generated by exciting said indirect bandgap
semiconductor device with incident light suitable for in-
ducing photoluminescence and simultaneously varying
a voltage level across contact terminals of said indirect
bandgap semiconductor device relative to an open circuit
value.

[0011] A second luminescence image is selected from
the group consisting of: an electroluminescence image
generated by exciting the indirect bandgap semiconduc-
tor device with an electrical signal; a photoluminescence
image generated by exciting the indirect bandgap sem-
iconductor device with incident light suitable for inducing
photoluminescence whilst contact terminals of the indi-
rect bandgap semiconductor device are maintained in an
open circuit state; and a photoluminescence image gen-
erated by exciting the indirect bandgap semiconductor
device with incident light suitable for inducing photolumi-
nescence and simultaneously varying a voltage level
across contact terminals of the indirect bandgap semi-
conductor device relative to an open circuit value. Spa-
tially resolved properties may be determined by compar-
ing relative intensities of regions between a photolumi-
nescence image and an electroluminescence image.
Electrically isolated or poorly connected regions may cor-
respond to regions of lower intensity relative to other re-
gions in the electroluminescence image with no corre-
sponding regions of varied intensity relative to other re-
gions in the photoluminescence image. Spatially re-
solved properties may be determined by comparing in-
tensities of corresponding regions in at least one photo-
luminescence image without varying a voltage across
contact terminals of the indirect gap semiconductor de-
vice relative to an open circuit value and at least one
photoluminescence image with varying a voltage across
contact terminals of said indirect gap semiconductor de-
vice relative to an open circuit value. The step of simul-
taneously varying a voltage across contact terminals of
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the indirect gap semiconductor device relative to an open
circuit value may comprise a step selected from: applying
an external bias across contact terminals of the indirect
gap semiconductor device; applying a load across con-
tact terminals of the indirect gap semiconductor device;
applying a short circuit across contact terminals of said
indirect gap semiconductor device; applying a voltage
across contact terminals of the indirect gap semiconduc-
tor device; injecting current into contact terminals of the
indirect gap semiconductor device; and extracting cur-
rent from contact terminals of the indirect gap semicon-
ductor device. The step of simultaneously varying a volt-
age across contact terminals of the indirect gap semi-
conductor device relative to an open circuit value may
comprise reducing the voltage across the contact termi-
nals relative to an open circuit value. Electrically isolated
or poorly connected regions may correspond to regions
of higher intensity relative to other regions in the photo-
luminescence image having reduced voltage across the
contact terminals with no corresponding regions of varied
intensity relative to other regions in the photolumines-
cence image having an open circuit voltage value across
the contact terminals. In one embodiment, the step of
externally exciting the indirect bandgap semiconductor
device may comprise electrically exciting the indirect
bandgap semiconductor device to emit electrolumines-
cence by applying at least one electrical excitation signal
to contact terminals of the indirect bandgap semiconduc-
tor device.

[0012] In one example, which is not part of the inven-
tion, the step of determining spatially resolved properties
may comprise comparing intensities of corresponding re-
gions in at least two electroluminescence images, each
of the electroluminescence images corresponding to a
different level of electrical excitation signal. Electrically
isolated or poorly connected regions may correspond to
regions of lower intensity relative to other regions in a
first electroluminescence image produced with afirst lev-
el of electrical excitation signal not to regions of lower
intensity relative to other regions in a second electrolu-
minescence image produced with a second level of elec-
trical excitation signal, wherein the first level of electrical
excitation signal is higher than the second level of elec-
trical excitation signal.

[0013] In one embodiment, the step of externally ex-
citing the indirect bandgap semiconductor device may
comprise the steps of: applying an electrical signal to
contact terminals of the indirect bandgap semiconductor
device to induce electroluminescence in the indirect
bandgap semiconductor device; and illuminating the in-
direct bandgap semiconductor device with light suitable
for inducing photoluminescence in the indirect bandgap
semiconductor device and simultaneously varying a volt-
age level across contact terminals of the indirect bandgap
semiconductor device relative to an open circuit value.
The step of determining spatially resolved properties may
comprise comparing intensities of corresponding regions
in at least one electroluminescence image and at least
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one photoluminescence image with varying a voltage
across contact terminals of the indirect gap semiconduc-
tor device relative to an open circuit value. The step of
simultaneously varying a voltage across contact termi-
nals of the indirect gap semiconductor device relative to
an open circuit value may comprise a step selected from
the group of steps consisting of: applying an external bias
across contact terminals of the indirect gap semiconduc-
tor device; applying a load across contact terminals of
the indirect gap semiconductor device; applying a short
circuit across contact terminals of the indirect gap sem-
iconductor device; applying a voltage across contact ter-
minals of the indirect gap semiconductor device; injecting
current into contact terminals of the indirect gap semi-
conductor device; and extracting current from contact ter-
minals of the indirect gap semiconductor device. The step
of simultaneously varying a voltage across contact ter-
minals of the indirect gap semiconductor device relative
to an open circuit value may comprise reducing the volt-
age across the contact terminals relative to an open cir-
cuit value. The electrically isolated or poorly connected
regions may correspond to regions of lower intensity rel-
ative to other regions in the electroluminescence image
and regions of higher intensity relative to other regions
in the photoluminescence image with reduced voltage
across the contact terminals.

[0014] Another aspect of the present invention pro-
vides a method for identifying electrically isolated or poor-
ly connected regions in a solar cell, the solar cell com-
prising a portion of indirect bandgap semiconductor wafer
having at least one metal pattern disposed on a surface
thereof. The method comprises the steps of exciting the
solar cell to emit luminescence, capturing at least one
image of the emitted luminescence, and processing the
at least one luminescence image to identify breaks in the
metal pattern based on a comparison of intensities of
regions in the atleast one luminescence image. The met-
al pattern may comprise a grid comprising a plurality of
parallel fingers electrically connected to at least one bus
bar, and wherein the electrically isolated regions com-
prise a break in one or more of items selected from the
group consisting of: a finger; a bus bar; and a connection
between a finger and a bus bar.

[0015] In one embodiment, the solar cell may be ex-
cited with an electrical signal to induce emission of elec-
troluminescence. A broken finger may be identified
based on detection of a region of relatively lower intensity
in the electroluminescence image. The region of relative-
ly lower intensity may comprise an elongated region prox-
imate to a portion of a finger.

[0016] In one embodiment, the solar cell may be ex-
cited to emit luminescence by illuminating the solar cell
with incident light suitable for inducing photolumines-
cence and simultaneously varying a voltage level across
contact terminals of the solar cell relative to an open cir-
cuit value. Simultaneously varying a voltage level across
contact terminals of the solar cell may comprise: applying
an external bias across contact terminals of the solar cell;
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applying a load across contact terminals of the solar cell;
applying a short circuit across contact terminals of the
solar cell; applying a voltage across contact terminals of
the solar cell; injecting current into contact terminals of
the solar cell; or extracting current from contact terminals
of the solar cell. A broken finger may be identified based
on detection of a region of relatively higher intensity. The
region of relatively higher intensity may comprise an elon-
gated region proximate to a portion of a finger.

[0017] The step of processing at least one lumines-
cence image may comprise identifying breaks in the met-
al pattern based on a comparison of relative intensities
of regions in at least two luminescence images. The at
least two luminescence images may comprise lumines-
cence images selected from the group of luminescence
images consisting of: an electroluminescence image
generated by exciting the solar cell with an electrical sig-
nal; a photoluminescence image generated by exciting
the solar cell with incident light suitable for inducing pho-
toluminescence whilst contact terminals of the solar cell
are maintained in an open circuit state; and a photolumi-
nescence image generated by exciting the solar cell with
incident light suitable for inducing photoluminescence
and simultaneously varying a voltage level across con-
tact terminals of the solar cell relative to an open circuit
value. The processing step may comprise comparing a
ratio of intensities between different regions in one of the
luminescence images with a ratio of intensities between
corresponding regions in at least one other of the lumi-
nescence images.

[0018] Another aspect of the present invention pro-
vides an apparatus for determining spatially resolved
properties of an indirect bandgap semiconductor device.
The apparatus comprises excitation means for exciting
the indirect bandgap semiconductor device to emit lumi-
nescence, image capture means for capturing images of
luminescence emitted by the indirect bandgap semicon-
ductor device, and processing means for processing the
luminescence images to determine spatially resolved
properties of the indirect bandgap semiconductor device
based on a comparison of relative intensities of regions
in two or more of the luminescence images.

[0019] Another aspect of the present invention pro-
vides an apparatus for identifying electrically isolated or
poorly connected regions in a solar cell, the solar cell
comprising a portion of indirect bandgap semiconductor
wafer having at least one metal pattern disposed on a
surface thereof. The apparatus comprises excitation
means for exciting the solar cell to emit luminescence,
image capture means for capturing at least one image
of the emitted luminescence, and processing means for
processing the at least one luminescence image to iden-
tify breaks in the metal pattern based on a comparison
of intensities of regions in the at least one luminescence
image.
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Brief Description of the Drawings

[0020] A small number of embodiments are described
hereinafter, by way of example only, with reference to
the accompanying drawings in which:

Fig. 1 is a flow diagram of a method for determining
spatially resolved properties of an indirect bandgap
semiconductor device in accordance with an embod-
iment of the present invention;

Figs. 2a, 2b and 2c are luminescence images of an
imperfect solar cell;

Fig. 3 is a flow diagram of a method for identifying
electrically isolated or poorly connected regions in a
solar cell in accordance with an embodiment of the
present invention;

Figs. 4a and 4b are luminescence images of an im-
perfect solar cell; and

Fig. 5 is a block diagram of an apparatus for deter-
mining spatially resolved properties of an indirect
bandgap semiconductor device such as a solar cell
in accordance with an embodiment of the present
invention.

Detailed Description

[0021] Embodiments of methods and systems are de-
scribed hereinafter for electroluminescence and photo-
luminescence imaging of indirect bandgap semiconduc-
tor devices. Although certain of the embodiments are de-
scribed with specific reference to solar cells, it is not in-
tended that the present invention be limited to such de-
vices as the principles of the present invention have gen-
eral applicability to photovoltaic devices and/or semicon-
ductor devices and structures, which may either be fully
or partially processed.

[0022] In the context of the present specification, ref-
erences to electrically isolated or poorly connected re-
gions are intended to include partially electrically isolated
regions within the scope of the intended meaning. For
example, electrically isolated or poorly connected re-
gions include regions that are resistively coupled to other
regions.

[0023] Methods for optically inspecting or testing indi-
rectbandgap semiconductor devices such as photovolta-
ic devices and solar cells differ in the manner of excitation
of the devices. In electroluminescence imaging, an ex-
ternal electrical signal or forward bias (voltage or current)
is applied to the contact terminals of a solar cell and light
emitted in response to the applied forward bias is ob-
served and/or recorded. This method is generally appli-
cable to completed devices. Electroluminescence imag-
es with good spatial resolution may be taken of typical
industrial solar cells in about 1 second using commer-
cially available CCD cameras.

[0024] In photoluminescence imaging, a semiconduc-
tor wafer or a completed solar cell is excited by external
illumination suitable to induce photoluminescence and
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the emitted light is observed and/or recorded.

[0025] Fig. 1 is a flow diagram of a method for deter-
mining spatially resolved properties of an indirect band-
gap semiconductor device. Such spatially resolved prop-
erties include, for example, electrically isolated and poor-
ly connected regions of the indirect bandgap semicon-
ductor device.

[0026] Referring to Fig. 1, the indirect bandgap semi-
conductor device is externally excited to emit lumines-
cence at step 110. Such external excitation may com-
prise illumination of the indirect bandgap semiconductor
device with light suitable to induce emission of photolu-
minescence and/or application of an electrical signal
(e.g., a voltage or current) to contact terminals of the
indirect bandgap semiconductor device to induce emis-
sion of electroluminescence. The voltage level across
the contact terminals of the indirect bandgap semicon-
ductor device may be varied relative to an open circuit
value (generated in response to the illumination) while
illuminating the indirect bandgap semiconductor device
to obtain different or more useful photoluminescence im-
ages, in certain cases. The voltage across contact ter-
minals of the indirect bandgap semiconductor device can
be varied relative to an open circuit value, for example,
by applying any of an external bias, a load, a short circuit
or a voltage to the contact terminals of the indirect band-
gap semiconductor device. Alternatively, current may be
injected into or extracted out of the contact terminals of
the indirect bandgap semiconductor device.

[0027] At step 120, images of luminescence emitted
by the indirect bandgap semiconductor device in re-
sponse to the external excitation are captured. Such im-
ages may comprise any of the following:

* an electroluminescence image generated by excit-
ing the indirect bandgap semiconductor device with
an electrical signal;

e a photoluminescence image generated by exciting
the indirect bandgap semiconductor device with in-
cident light suitable for inducing photoluminescence
whilst contact terminals of the indirectbandgap sem-
iconductor device are maintained in an open circuit
state; and

* a photoluminescence image generated by exciting
the indirect bandgap semiconductor device with in-
cident light suitable for inducing photoluminescence
and simultaneously varying a voltage level across
contact terminals of the indirect bandgap semicon-
ductor device relative to an open circuit value.

[0028] Atstep 130, the luminescence images are proc-
essed to determine spatially resolved properties of the
indirect bandgap semiconductor device based on a com-
parison of relative intensities of regions in two or more
of the luminescence images. The spatially resolved prop-
erties may be determined by comparing a ratio of inten-
sities between different regions in one of the lumines-
cence images with a ratio of intensities between corre-
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sponding regions in one or more of the other lumines-
cence images.

Comparing Relative Intensities of Regions in Lumi-
nescence Images

[0029] In one embodiment of the method of Fig. 1, a
comparison of relative intensities of regions is made be-
tween:

(i) an electroluminescence image generated by ap-
plication of an electrical excitation signal across con-
tact terminals of the indirect bandgap semiconductor
device; and

(ii) a photoluminescence image generated with the
contact terminals of the indirect bandgap semicon-
ductor device in an open circuit condition.

[0030] Regions that are of lower relative intensity in
the electroluminescence image (i.e., darker relative to
other regions in the electroluminescence image) but that
do not exhibit any variation in intensity in the photolumi-
nescence image are indicative of electrically isolated or
poorly connected regions.

[0031] In another embodiment of the method of Fig. 1,
a comparison of relative intensities of regions is made
between:

(i) a photoluminescence image generated with a re-
duced voltage level across contact terminals of the
indirect bandgap semiconductor device relative to
an open circuit value; and

(ii) a photoluminescence image generated with the
contact terminals of the indirect bandgap semicon-
ductor device in an open circuit condition.

[0032] Regions that are of higher relative intensity in
the reduced voltage level photoluminescence image (i.e.,
lighter relative to other regions in the electrolumines-
cence image) but that do not exhibit any variation in in-
tensity in the open circuit photoluminescence image are
indicative of electrically isolated or poorly connected re-
gions.

[0033] In a further embodiment of the method of Fig.
1, a comparison of relative intensities of regions is made
between:

(i) an electroluminescence image generated by ap-
plication of an electrical excitation signal across con-
tact terminals of the indirect bandgap semiconductor
device; and

(ii) a photoluminescence image generated with a re-
duced voltage level across contact terminals of the
indirect bandgap semiconductor device relative to
an open circuit value.

[0034] Regions that are of lower relative intensity in
the electroluminescence image (i.e., darker relative to
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otherregions in the electroluminescence image) and that
are of higher relative intensity in the photoluminescence
image are indicative of electrically isolated or poorly con-
nected regions.

[0035] In a still further embodiment of the method of
Fig. 1, a comparison of relative intensities of regions is
made between:

(i) a first electroluminescence image generated by
application of a first level of electrical excitation sig-
nal across contact terminals of the indirect bandgap
semiconductor device; and

(ii) a second electroluminescence image generated
by application of a second level of electrical excita-
tion signal across contact terminals of the indirect
bandgap semiconductor device.

[0036] The first level of electrical excitation signal is
higher than the second level of electrical excitation signal
(e.g., a first voltage higher than a second voltage). Re-
gions that are of lower relative intensity in the first elec-
troluminescence image (i.e., darker relative to other re-
gions in the electroluminescence image) but that are not
of lower relative intensity in the second electrolumines-
cenceimage are indicative of electrically isolated or poor-
ly connected regions. In alternative embodiments, a com-
parison of relative intensities of regions may be made
between more than 2 electroluminescence images.

Examples Using Electroluminescence and Photolu-
minescence Images

[0037] Figs. 2ato 2c are real examples of electrolumi-
nescence and photoluminescence images generated of
an imperfect solar cell. The images show two bus bars
disposed vertically (i.e., from top to bottom of the image)
and multiple thin fingers disposed horizontally across the
bus bars (i.e., from left to right across the image).
[0038] Fig. 2a shows an electroluminescence image
of an imperfect solar cell. The image was obtained by
applying an electrical excitation signal across the contact
terminals of the solar cell and capturing or recording the
electroluminescence emitted from the solar cell in re-
sponse to the electrical excitation signal. The electrical
excitation signal was of 25mA/cm? current density.
[0039] The relatively darker region 210 in the centre of
the image of Fig. 2a is aregion of relatively lower intensity
compared to other adjacent regions in the image. The
region 210 may be due to either:

e a defect in the semiconductor substrate material
(e.g., contamination), which would likely result in a
reduced lifetime of the solar cell, or

* an electrically isolated region in the solar cell struc-
ture, in which relatively less current is flowing com-
pared to regions of relatively higher intensity.

[0040] Fig. 2b shows a photoluminescence image of
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the same imperfect solar cell that is the subject of Fig.
2a. The image of Fig. 2b was obtained by illuminating
the solar cell with illumination equivalent to about one
Sun, whilst maintaining an open circuit across the solar
cell’'s contact terminals, and capturing or recording the
photoluminescence emitted from the solar cell in re-
sponse to the illumination.

[0041] No relatively darker or lighter regions of signif-
icance are visible in the image of Fig. 2b in those regions
210 that appear relatively dark in the electrolumines-
cence image of Fig. 2a.

[0042] Fig. 2c shows a photoluminescence image of
the same imperfect solar cell that is the subject of Figs.
2a and 2b. The image of Fig. 2c was obtained by illumi-
nating the solar cell with light suitable for inducing pho-
toluminescence, simultaneously applying a short circuit
across the contact terminals of the solar cell, and cap-
turing or recording the photoluminescence emitted from
the solar cellin response to theillumination. The electrical
excitation signal was of 25mA/cm2 current density. The
effect of the short circuit is to lower the voltage level
across the contact terminals of the solar cell, relative to
an open circuit value. As a result, carriers generated in
response to the illumination are extracted from the solar
cell, thus resulting in a darker image of the solar cell. It
should be noted that other load conditions, external volt-
ages or external currents may alternatively be applied to
the contact terminals of the solar cell in place of a short
circuit to achieve the same or a similar effect.

[0043] A relatively lighter region 230 (i.e., a region of
relatively higher intensity) is observable in the centre of
the image of Fig. 2c. The region 230 of higher lumines-
cence intensity compared to other regions may be due
to either:

* an enhanced lifetime of the solar cell, or

e an electrically isolated region in the solar cell struc-
ture, in which relatively less current is flowing com-
pared to regions of relatively lower intensity.

[0044] As described above, the regions of relatively
lower intensity 210 and relatively higher intensity 230 in
the central region of Figs. 2a and 2c, respectively, indi-
cate either:

e a variation in the material quality (i.e. of the local
minority carrier lifetime), or

* an electrically isolated region in the solar cell struc-
ture, in which relatively less current is flowing com-
pared to regions of relatively lower intensity.

[0045] Thus, when either the electroluminescence im-
age of Fig. 2a or the photoluminescence image of Fig.
2c is considered alone, the respective image fails to pro-
vide sufficiently conclusive information about the cause
of the regions of relatively lower intensity 210 and rela-
tively higher intensity 230 in the central region of Figs.
2a and 2c, respectively.
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[0046] However,whenthe electroluminescenceimage
of Fig. 2ais compared with the photoluminescence image
of either Fig. 2b or Fig. 2c, the cause of the region of
relatively lower or higher intensity can be determined.
The cause of a region of relatively lower or higher inten-
sity can also be determined by comparison of the photo-
luminescence images of Fig. 2b and Fig. 2c.

[0047] With reference to the photoluminescence im-
age of Fig. 2b, the absence of a region of relatively lower
intensity in the centre indicates that the semiconductor
material in the central region of the solar cell is not de-
graded. Thus, a comparison of Fig. 2b with either Fig. 2a
or Fig. 2c indicates that the region of relatively lower or
relatively higher intensity in the centre, respectively, is
indicative of an electrically isolated or partially connected
region in the solar cell and is not indicative of a reduced
minority carrier lifetime in that region.

[0048] With reference to the electroluminescence im-
age of Fig. 2a and the photoluminescence image of Fig.
2c, the presence of a region of lower intensity relative to
other regions within that electroluminescence image and
the presence of a corresponding region in the centre of
relatively higher intensity in the photoluminescence im-
age with reduced external voltage indicates that the sem-
iconductor material in the central region of the solar cell
is poorly connected or electrically isolated from the rest
of the cell. Such a variation in the contrast in the two
luminescence images cannot be caused by variations in
the minority carrier lifetime. The reduced luminescence
intensity in Fig. 2a is a result of a voltage drop over the
series resistance leaving the central area at lower volt-
age. InFig. 2c the region of higher luminescence intensity
is also caused by a voltage drop over the series resist-
ance, leaving the central region at a higher voltage, which
is manifested as higher luminescence intensity.

[0049] Fig. 3 is a flow diagram of a method for identi-
fying electrically isolated or poorly connected regions in
a solar cell that comprises a portion of indirect bandgap
semiconductor wafer having at least one metal pattern
disposed on a surface thereof. The metal pattern may
comprise a grid comprising a plurality of fingers electri-
cally connected to at least one bus bar. The fingers are
typically, but not essentially, disposed substantially par-
allel to each other. The electrically isolated or poorly con-
nected regions may comprise breaks (i.e., electrical dis-
continuities) in a finger, a bus bar, or in a connection
between a finger and a bus bar.

[0050] Referring to Fig. 3, the solar cell is excited to
emitluminescence at step 310. Such excitation may com-
prise:

e application of an electrical signal or forward bias
(e.g., a voltage or current) to the contact terminals
of the solar cell to induce emission of electrolumi-
nescence, and/or

¢ illumination of the solar cell with light suitable to in-
duce emission of photoluminescence and simulta-
neously varying a voltage level across the contact
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terminals of the solar cell relative to an open circuit
value while illuminating the solar cell.

[0051] The voltage across contact terminals of the so-
lar cell may be varied relative to an open circuit value,
for example, by applying any of an external bias, a load,
a short circuit or a voltage to the contact terminals of the
solar cell. Alternatively, current may be injected into or
extracted out of the contact terminals of the solar cell.
[0052] Atstep 320, atleastoneimage ofluminescence
emitted from the solar cell in response to the excitation
is recorded or captured. Such images may comprise any
of the following:

e an electroluminescence image generated by excit-
ing the solar cell with an electrical signal or forward
bias, as described hereinbefore; and

* a photoluminescence image generated by exciting
the solar cell with incident light suitable for inducing
photoluminescence and simultaneously varying the
voltage level across the contact terminals of the solar
cell relative to an open circuit value. Variation of the
voltage level across the contact terminals of the solar
cell relative to an open circuit value may be per-
formed by applying an external bias, a load, a short
circuit or a voltage across the contact terminals of
the solar cell. Alternatively, current may be injected
into or extracted from the contact terminals of the
solar cell.

[0053] At step 330, the at least one luminescence im-
age is processed to identify breaks in the metal pattern
based on a comparison of intensities of regions in the at
least one luminescence image. The processing step may
comprise comparing a ratio of intensities between differ-
ent regions in one of the luminescence images with a
ratio of intensities between corresponding regions in at
least one other of the luminescence images.

[0054] Breaks in the metal pattern of a solar cell may
be identified based on a comparison of relative intensities
of regions in one or more luminescence images. For ex-
ample, a broken finger may be identified based on de-
tection of a region of relatively lower intensity in a single
electroluminescence image. Alternatively, a broken fin-
ger may be identified based on detection of a region of
relatively higher intensity in a single photoluminescence
image with simultaneous variation of the voltage level
across the contact terminals of the solar cell relative to
an open circuit value. Such regions of relatively higher
or lower intensity are typically elongated in shape and
occur proximate to a portion of the broken finger.
[0055] When using two or more luminescence images
to identify electrically isolated or poorly connected re-
gions in a solar cell, the luminescence images may com-
prise:

* an electroluminescence image generated by excit-
ing the solar cell with an electrical signal;
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* a photoluminescence image generated by exciting
the solar cell with incident light suitable for inducing
photoluminescence whilst contact terminals of the
solar cell are maintained in an open circuit state; and

* a photoluminescence image generated by exciting
the solar cell with incident light suitable for inducing
photoluminescence and simultaneously varying a
voltage level across contact terminals of the solar
cell relative to an open circuit value.

[0056] Figs. 4a and 4b are real examples of electrolu-
minescence and photoluminescence images generated
of an imperfect solar cell. The images show two bus bars
disposed vertically (i.e., from top to bottom of the image)
and multiple thin fingers disposed horizontally across the
bus bars (i.e., from left to right across the image).
[0057] Fig. 4a shows an image of an imperfect solar
cell generated using electroluminescence imaging. The
image was obtained by applying an external bias (a cur-
rent density of 25mA/cm?2) to the contact terminals of the
solar cell and capturing or recording the electrolumines-
cence emitted from the solar cell in response to excitation
by the external bias voltage.

[0058] Inspection of Fig. 4a reveals elongated regions
410, 420, 430 and 440 of relatively lower intensity (i.e.,
relatively darker) that are proximate to a portion of a fin-
ger. Inspection of the same damaged solar cell under an
optical microscope confirmed that the elongated regions
410, 420, 430 and 440 of relatively lower intensity (i.e.,
generally darker than the adjacentregions) are indicative
of broken metal fingers at corresponding locations in the
solar cell. A break in a finger is generally located at one
end of a corresponding elongated region.

[0059] There is thus a direct correlation between re-
gions of relatively lower intensity in an electrolumines-
cence image of a solar cell and locations of broken metal
fingers in that solar cell.

[0060] An alternative method for identifying broken
metal fingers in a solar cell uses photoluminescence im-
aging with simultaneous varying of the voltage level
across the contact terminals of the solar cell, relative to
an open circuit value. The effect of a broken metal finger
is to electrically isolate (partially or fully) a region proxi-
mate to the broken metal finger from the remainder of
the solar cell. Decreasing the voltage level across the
contact terminals of the solar cell, relative to an open
circuit value, results in a sharp drop in the voltage across
all regions of the solar cell that are well connected elec-
trically. Regions that are poorly electrically connected to
the remainder of the solar cell, such as broken metal
fingers, are manifested as regions of relatively higher in-
tensity (i.e., lighter regions) in a photoluminescence im-
age.

[0061] Fig. 4b shows an image of the imperfect solar
cell that is the subject of Fig. 4a, which was generated
using photoluminescence imaging together with de-
creasing the voltage level across the contact terminals
of the solar cell, relative to an open circuit value. More
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specifically, a short circuit was applied across the contact
terminals of the solar cell while the solar cell was illumi-
nated with illumination equivalent to about one Sun. The
effect of the short circuit is that carriers generated as a
result of illumination of the solar cell are extracted from
the solar cell. Carrier extraction results in a darker image
of the solar cell. Thus, the elongated regions 450, 460,
470 and 480 of relatively higher intensity (i.e., generally
lighter than the adjacent regions) proximate to finger por-
tions in Fig. 4b are indicative of lower levels of carrier
extraction from the solar cell. Inspection of the same dam-
aged solar cell under an optical microscope confirmed
that the elongated regions 450, 460, 470 and 480 of rel-
atively higher intensity are indicative of broken metal fin-
gers at corresponding locations in the solar cell. A break
in afingeris generally located at one end of a correspond-
ing elongated region.

[0062] There is thus a direct correlation between re-
gions of relatively higher intensity in a photolumines-
cence image of a solar cell and locations of broken metal
fingers in that solar cell.

[0063] Fig. 5 is a block diagram of an apparatus 500
for identifying or determining spatially resolved proper-
ties in indirect bandgap semiconductor devices such as
solar cells.

[0064] The apparatus 500 comprises a light source
510, an optional short-pass filter unit 514, an image cap-
ture device 522 and bias means 560. The short-pass filter
unit 514 may comprise one or more short pass filter/s. A
short pass filter passes through the excitation light and
absorbs or reflects an unwanted long wavelength emis-
sion(s). Examples of short pass filters include coloured
filters and dielectric interference filters. Alternatively, a
dielectric mirror may be used (e.g. under 45 degrees)
that reflects that part of the light that is to be used and
transmits the unwanted long wavelength light. The short
pass filter unit may also comprise a combination of short
pass filters and dielectric mirrors. The apparatus may
also comprise a collimator 512 and/or a homogenizer
516, which is a device for converting a collimated beam
of light that has non-uniform intensity into a uniformly
illuminated region of a plane perpendicularly incident to
the collimated beam. Examples include cross cylindrical
lens array(s) and a micro lens array. A collimator may be
lenses of various sorts.

[0065] Photoluminescenceimaging may be performed
whilst varying the voltage across the contact terminals
of the indirect bandgap semiconductor device 540 rela-
tive to an open circuit voltage (generated by the photo-
luminescence) using the apparatus 500 of Fig. 5. A volt-
age varying means 560 is coupled to the indirect bandgap
semiconductor device 540 for varying the voltage across
the contact terminals of the indirect bandgap semicon-
ductor device 540 relative to an open circuit voltage. The
voltage varying means may comprise an external bias
means, a voltage source, a currentsource, a current sink,
a load, a short circuit, or any other suitable voltage var-
ying means known in the electrical engineering arts. Re-
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duction of the voltage across the electrical contacts of
indirect bandgap semiconductor device 540 relative to
an open circuit voltage causes carriers, which would oth-
erwise have recombined within the indirect bandgap
semiconductor device 540 under open circuit conditions
to be extracted from the indirect bandgap semiconductor
device 540 through the electrical contacts of the indirect
bandgap semiconductor device 540 to a point of lower
potential. The result of such carrier extraction is a reduc-
tion of luminescence by the indirect bandgap semicon-
ductor device 540. The number of carriers extracted, and
thus the level of luminescence generated by the indirect
bandgap semiconductor device 540, depends on the
amount of variation of the voltage level across the contact
terminals of the indirect bandgap semiconductor device
540 relative to an open circuit value.

[0066] Inthe embodimentof Fig. 5, the elements of the
apparatus 500 are arranged as follows: a light source
510 facing the indirect bandgap semiconductor device
540, the collimator 512, the short-pass filter unit 514, and
the homogenizer 516 optically aligned in that sequence.
In another embodiment, the ordering of the collimator
512 and the short-pass filter unit 514 may be reversed.
A field lens (not shown) may be used between the ho-
mogenizer and the indirect bandgap semiconductor de-
vice 540. The elements are spaced apart from the indirect
bandgap semiconductor device 540 so that a large area
of the indirect bandgap semiconductor device 540 can
be illuminated.

[0067] The light source 510 generates light suitable for
inducing photoluminescence in the indirect bandgap
semiconductor device 540. The total optical power of the
generated light may exceed 1.0 Watt. Light sources of
higher power are able to more quickly and intensely in-
duce photoluminescence in the indirect bandgap semi-
conductordevice 540. The light source 510 may generate
monochromatic or substantially monochromatic light.
The light source 510 may be at least one laser. For ex-
ample, an 808 nm diode laser may be used to generate
monochromatic light. Two or more lasers with different
principal wavelengths may also be practised. Another
light source 510 may comprise a broad spectrum light
source (e.g., aflash lamp) combined with suitable filtering
to provide partly filtered light. Still another light source
510 may be a high-powered light emitting diode (LED).
Yet another light source 510 may comprise an array of
light emitting diodes (LED). For example, such an LED
array may comprise a large number (e.g. 60) of LEDs in
a compact array with heatsinking. Other high powered
light sources may be practiced.

[0068] The light from the light source 510 is collimated
into parallel beams by a collimator or collimator unit 512,
which may comprise more than one element. Short-pass
filtering is applied to the generated light. This may be
done using an interference short-pass filter unit 514 com-
prising one or more filter elements. Short-pass filtering
the generated light reduces long-wavelength light above
a specified emission peak. The short-pass filter 514 may
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reduce by a factor of about 10 or more the total photon
flux in a long-wavelength tail of the generated light. The
long-wavelength tail may begin at a wavelength that is
about ten percent (10%) higher than a longest wave-
length emission peak of the light source 510. For exam-
ple, the filtering may remove unwanted spectrum com-
ponents such as infra-red components with wavelengths
in the range of 900 nm to 1800 nm or a sub-range of that
range. Multiple short-pass filters may be used because
one filter may not be sufficient itself to remove or reduce
unwanted spectrum components. The short-pass filters
may be implemented at numerous different positions in
the overall combination of optical elements between the
light source 510 and the indirect bandgap semiconductor
device 540. If more than one short pass filter is used,
then one or more of the filters may be arranged so that
they are tilted under some angle against the optical axis
of the collimated beam to avoid multiple reflections of the
reflected light. The short-pass filtered and collimated light
may then be homogenized by a homogenizer 516 to ho-
mogeneously illuminate a large area of the indirect band-
gap semiconductor device 540. However the ordering of
the steps may be altered. The illuminated area of the
indirect bandgap semiconductor device 540 may be
greater than or equal to about 1.0 cm2. The homogenizer
516 distributes the collimated beams evenly across the
surface of the indirect bandgap semiconductor device
540.

[0069] The illumination incident on the surface of the
indirect bandgap semiconductor device 540 is sufficient
to induce photoluminescence in the indirect bandgap
semiconductor device 540. This photoluminescence is
represented in Fig. 5 by arrows or rays emanating from
a planar surface of the indirect bandgap semiconductor
device 540. The external photoluminescence quantum
efficiency of silicon can be very low (of the order of <
10-6). An image capture device 530 captures images of
the photoluminescence induced in the indirect bandgap
semiconductor device 540. The short pass filter unit 514
reduces or removes incident light from the light source
510 from being received by animage capture device 530.
Light source tail radiation may be of the order of 104 of
a source peak, which can significantly exceed the pho-
toluminescence efficiency of silicon (of the order of 10-6)
in contrast to that of direct bandgap semiconductors like
AlGaAs (of the order of 10-2). An optional long pass filter
unit 518 may be used in combination with the image cap-
ture device 530 in order to block reflected excitation light
to contribute to the measured signal.

[0070] The image capture device 530 comprises a fo-
cusing element 520 (e.g. one or more lenses) and a focal
plane array 522 of light sensitive electronic elements. In
this embodiment, the focal plane array 522 of light sen-
sitive electronic elements comprises an array of charge
coupled devices (CCD). The focal plane array may be
made of silicon and may be cooled. Cooling improves
the signal-to-noise ratio of such a focal plane array. For
example, the image capture device 530 may be a digital
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1"

video camera having a silicon CCD array and be provided
with a digital interface (e.g., USB or Firewire) or storage
media (e.g., a DV tape or memory stick) for communica-
tion of recorded images. Alternatively, the focal plane
array 522 of light sensitive electronic elements may be
made from InGaAs.

[0071] Image processing techniques may be applied
to the photoluminescence images to quantify specified
electronic properties of the indirect bandgap semicon-
ductor device 540. Spatial variations of the photolumi-
nescence intensity are checked for and identified. As
shown in Fig. 5, a general-purpose computer 550 can
acquire and analyze photoluminescence images record-
ed by the image capture device 530 via a communica-
tions channel 552, which may include a suitable commu-
nications interface and/or storage device. The image
processing techniques may be implemented in software,
hardware, or a combination of the two. Imaging is distinct
from photoluminescence mapping, which is slow and
therefore not suitable forindustrial application as aninline
production testing tool, and spectroscopic testing of pho-
toluminescence, which typically involves testing a small
area of a semiconductor. The system in accordance with
this embodiment of the invention can be used to identify
defective areas of the indirect bandgap semiconductor
device 540.

[0072] Electroluminescence imaging may be per-
formed by applying aforward bias (i.e., voltage or current)
across the contact terminals of the indirect bandgap sem-
iconductor device 540 using the voltage varying means
560 or another suitable forward bias generating means
known in the electrical arts. Electroluminescence images
may be captured using the image capture device 530
and processed using the general-purpose computer 550,
in a similar manner to that described hereinbefore with
reference to photoluminescence imaging. However, the
light source 510, collimator 512, interference short-pass
filter 514 and homogenizer 516 are not used in the case
of electroluminescence imaging.

Claims

1. A method foridentifying electrically isolated or poorly
connected regions of an indirect bandgap semicon-
ductor device, said method comprising the steps of:

externally exciting said indirect bandgap semi-
conductor device to cause said indirect bandgap
semiconductor device to emit luminescence;
and

capturing images of luminescence emitted from
said indirect bandgap semiconductor device in
response to said external excitation; wherein
said method further comprises the step of:
comparing relative intensity of regions in a first
luminescence image with relative intensity of
corresponding regions in a second lumines-
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cence image, thereby identifying electrically iso-
lated or poorly connected regions of said indirect
bandgap semiconductor device based on differ-
ences between the relative intensities of the re-

tor device comprises one or more of a silicon device,
a photovoltaic device and a solar cell.

An apparatus (500) for identifying electrically isolat-

gions in the first luminescence image and the % ed or poorly connected regions in an indirect band-
second luminescence image, wherein said first gap semiconductor device (540) having contact ter-
luminescence image and said second lumines- minals, said apparatus (500) comprising:
cence image comprise:
excitation means (510, 560) for exciting said in-
an electroluminescence image generated 170 direct bandgap semiconductor device (540) to
by exciting said indirect bandgap semicon- emit at least one of photoluminescence or elec-
ductor device with an electrical signal; and troluminescence;
a photoluminescence image generated by image capture means (530) for capturing first
exciting said indirect bandgap semiconduc- luminescence images and second lumines-
tor device with incident light suitable for in- 75 cence images of the photoluminescence or the
ducing photoluminescence whilst contact electroluminescence emitted by said indirect
terminals of said indirect bandgap semicon- bandgap semiconductor device (540); and
ductor device are maintained in an open cir- means for applying one of a short circuit, exter-
cuit state; nal voltages or external currents across said
or 20 contact terminals;
processing means (550) for comparing relative
said first luminescence image and said second intensity of regionsin a firstluminescence image
luminescence image comprise: with relative intensity of corresponding regions
in a second luminescence image, thereby iden-
an electroluminescence image generated 25 tifying electrically isolated or poorly connected
by exciting said indirect bandgap semicon- regions in said indirect bandgap semiconductor
ductor device with an electrical signal; and device (540) based on differences between the
a photoluminescence image generated by relative intensities of the regions in the first lu-
exciting said indirect bandgap semiconduc- minescence image and the second lumines-
tor device with incident light suitable for in- 30 cence image,
ducing photoluminescence and simultane- and wherein said first luminescence image and
ously applying one of a short circuit, external said second luminescence image comprise:
voltages or external currents across contact
terminals of said indirect bandgap semicon- an electroluminescence image generated
ductor device; 35 by exciting said indirect bandgap semicon-
or ductor device (540) with an electrical signal;
and
said first luminescence image and said second a photoluminescence image generated by
luminescence image comprise: exciting said indirect bandgap semiconduc-
40 tor device (540) with incident light suitable
a photoluminescence image generated by for inducing photoluminescence whilst said
exciting said indirect bandgap semiconduc- contact terminals are maintained in an open
tor device with incident light suitable for in- circuit state;
ducing photoluminescence whilst contact or
terminals of said indirect bandgap semicon- 45
ductor device are maintained in an open cir- said first luminescence image and said second
cuit state; and luminescence image comprise:
a photoluminescence image generated by
exciting said indirect bandgap semiconduc- an electroluminescence image generated
tor device with incident light suitable for in- 50 by exciting said indirect bandgap semicon-
ducing photoluminescence and simultane- ductor device (540) with an electrical signal;
ously applying one of a short circuit, external and
voltages or external currents across contact a photoluminescence image generated by
terminals of said indirect bandgap semicon- exciting said indirect bandgap semiconduc-
ductor device. 55 tor device (540) with incident light suitable

for inducing photoluminescence and simul-

2. A method according to any one of the previous
claims, wherein said indirect bandgap semiconduc-

taneously applying one of a short circuit, ex-
ternal voltages or external currents across

12
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said contact terminals;
or

said first luminescence image and said second
luminescence image comprise:

a photoluminescence image generated by
exciting said indirect bandgap semiconduc-
tor device (540) with incident light suitable
for inducing photoluminescence whilst said
contact terminals are maintained in an open
circuit state; and

a photoluminescence image generated by
exciting said indirect bandgap semiconduc-
tor device (540) with incident light suitable
for inducing photoluminescence and simul-
taneously applying one of a short circuit, ex-
ternal voltages or external currents across
said contact terminals.

4. Use of the apparatus according to claim 3 for iden-

tifying electrically isolated or poorly connected re-
gions in an indirect bandgap semiconductor device
(540), wherein said indirect bandgap semiconductor
device (540) comprises one or more of a silicon de-
vice, a photovoltaic device and a solar cell.

Patentanspriiche

1.

Verfahren zur ldentifizierung elektrisch isolierter
oder schlecht verbundene Bereiche einer indirekten
Bandlicken-Halbleitervorrichtung, wobei das Ver-
fahren die folgenden Schritte umfasst:

Externe Anregung der indirekten Bandliicken-
Halbleitervorrichtung, um zu bewirken, dass die
indirekte Bandliicken-Halbleitervorrichtung Lu-
mineszenz emittiert; und

Erfassen von Bildern der Lumineszenz, die von
der indirekten Bandlicken-Halbleitervorrich-
tung als Reaktion auf die externe Anregung
emittiert wird; wobei das Verfahren ferner den
folgenden Schritt umfasst:

Vergleichen derrelativen Intensitatder Bereiche
in einem ersten Lumineszenzbild mit der relati-
ven Intensitat der entsprechenden Bereiche in
einem zweiten Lumineszenzbild, wodurch elek-
trisch isolierte oder schlecht verbundene Berei-
che der indirekten Bandliicken-Halbleitervor-
richtung auf der Grundlage der Unterschiede
zwischen den relativen Intensitaten der Berei-
che in dem ersten Lumineszenzbild und dem
zweiten Lumineszenzbild, wobei das erste Lu-
mineszenzbild und das zweite Lumineszenzbild
umfassen:

ein Elektrolumineszenzbild, das durch An-
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regung der indirekten Bandliicken-Halblei-
tervorrichtung mit einem elektrischen Sig-
nal erzeugt wird; und

ein Photolumineszenzbild, das durch Anre-
gung der genannten indirekten Bandli-
cken-Halbleitervorrichtung mit einfallen-
dem Licht erzeugt wird, das zur Induktion
von Photolumineszenz geeignet ist, wah-
rend die Kontaktanschlliisse der genannten
indirekten  Bandllcken-Halbleitervorrich-
tung in einem offenen Schaltkreiszustand
gehalten werden; oder

das erste Lumineszenzbild und das zweite Lu-
mineszenzbild umfassen:

ein Elektrolumineszenzbild, das durch An-
regung der indirekten Bandliicken-Halblei-
tervorrichtung mit einem elektrischen Sig-
nal erzeugt wird; und

ein Photolumineszenz-Bild, das durch An-
regen der indirekten Bandlicken-Halblei-
tervorrichtung mit einfallendem Licht er-
zeugt wird, das zur Induktion von Photolu-
mineszenz geeignetist, und zum gleichzei-
tigen Anlegen eines Kurzschlusses, exter-
ner Spannungen oder externer Stréme tber
Kontaktanschlisse der indirekten Bandlu-
cken-Halbleitervorrichtung geeignet ist;
oder

das erste Lumineszenzbild und das zweite Lu-
mineszenzbild umfassen:

ein Photolumineszenzbild, das durch Anre-
gen der indirekten Bandliicken-Halbleiter-
vorrichtung mit einfallendem Licht erzeugt
wird, das zur Induktion von Photolumines-
zenz geeignet ist, wahrend die Kontaktan-
schlusse der indirekten Bandlicken-Halb-
leitervorrichtung in einem offenen Schalt-
kreiszustand gehalten werden; und

ein Photolumineszenz-Bild, das durch An-
regen der indirekten Bandlicken-Halblei-
tervorrichtung mit einfallendem Licht er-
zeugt wird, das zur Induktion von Photolu-
mineszenz geeignetist, und zum gleichzei-
tigen Anlegen eines Kurzschlusses, exter-
ner Spannungen oder externer Stréme tiber
Kontaktanschlisse der indirekten Bandlu-
cken-Halbleitervorrichtung geeignet ist.

Verfahren nach einem dervorstehenden Anspriiche,
bei welchem die indirekte Bandliicken-Halbleitervor-
richtung eine oder mehrere aus einer Siliziumvor-
richtung, einer Photovoltaik-Vorrichtung und einer
Solarzelle umfasst.
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Vorrichtung (500) zum Identifizieren elektrisch iso-
lierter oder schlecht verbundener Bereiche in einer
indirekten Bandliicken-Halbleitervorrichtung (540)
mit Kontaktanschliissen, wobei die Vorrichtung
(500) umfasst:

Anregungsmittel (510, 560) zum Anregen der
indirekten ~ Bandlicken-Halbleitervorrichtung
(540), um mindestens eine von Photolumines-
zenz oder Elektrolumineszenz zu emittieren;
Bildaufnahmemittel (530) zum Aufnehmen ers-
ter Lumineszenzbilder und zweiter Lumines-
zenzbilder der Photolumineszenz oder der Elek-
trolumineszenz, die von der indirekte Bandli-
cken-Halbleitervorrichtung (540) emittiert wer-
den; und

Mittel zum Anlegen eines Kurzschlusses, exter-
ner Spannungen oder externer Strome an den
Kontaktanschliissen;

eine Verarbeitungseinrichtung (550) zum Ver-
gleichen der relativen Intensitat von Bereichen
in einem ersten Lumineszenzbild mit der relati-
ven Intensitat entsprechender Bereiche in ei-
nem zweiten Lumineszenzbild, wodurch elek-
trisch isolierte oder schlecht verbundene Berei-
che in der indirekten Bandliicken-Halbleitervor-
richtung (540) auf der Grundlage von Unter-
schieden zwischen den relativen Intensitaten
der Bereiche in dem ersten Lumineszenzbild
und dem zweiten Lumineszenzbild identifiziert
werden, und wobei die erstes Lumineszenzbild
und

das zweite Lumineszenzbild umfassen:

ein Elektrolumineszenzbild, das durch An-
regung der indirekten Bandliicken-Halblei-
tervorrichtung (540) mit einem elektrischen
Signal erzeugt wird; und

ein Photolumineszenzbild, das durch Anre-
gung der genannten indirekten Bandli-
cken-Halbleitervorrichtung (540) mit einfal-
lendem Lichterzeugt wird, das zur Induktion
von Photolumineszenz geeignet ist, wah-
rend die Kontaktanschllsse in einem offe-
nen Schaltkreiszustand gehalten werden;
oder

das erste Lumineszenzbild und das zweite Lu-
mineszenzbild umfassen:

ein Elektrolumineszenzbild, das durch An-
regung der indirekten Bandliicken-Halblei-
tervorrichtung (540) mit einem elektrischen
Signal erzeugt wird; und

ein Photolumineszenz-Bild, das durch An-
regen der indirekten Bandliicken-Halblei-
tervorrichtung (540) mit einfallendem Licht
erzeugt wird, das zur Induktion von Photo-
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lumineszenz geeignet ist, und zum gleich-
zeitigen Anlegen eines Kurzschlusses, ex-
terner Spannungen oder externer Strome
Uber Kontaktanschliisse geeignet ist; oder

das erste Lumineszenzbild und das zweite Lu-
mineszenzbild umfassen:

ein Photolumineszenzbild, das durch Anre-
gen der indirekten Bandliicken-Halbleiter-
vorrichtung (540) mit einfallendem Licht er-
zeugt wird, das zur Induktion von Photolu-
mineszenz geeignet ist, wahrend die Kon-
taktanschlisse in einem offenen Schalt-
kreiszustand gehalten werden; und

ein Photolumineszenz-Bild, das durch An-
regen der indirekten Bandlicken-Halblei-
tervorrichtung (540) mit einfallendem Licht
erzeugt wird, das zur Induktion von Photo-
lumineszenz geeignet ist, und zum gleich-
zeitigen Anlegen eines Kurzschlusses, ex-
terner Spannungen oder externer Strome
Uber Kontaktanschliisse geeignet ist.

Verwendung der Vorrichtung nach Anspruch 3 zum
Identifizieren elektrisch isolierter oder schlecht ver-
bundener Bereiche in einer indirekten Bandlicken-
Halbleitervorrichtung (540), wobei die indirekte
Bandliicken-Halbleitervorrichtung (540) eine oder
mehrere von einer Siliziumvorrichtung, einer Photo-
voltaik-Vorrichtung und einer Solarzelle umfasst.

Revendications

Procédé pour identifier des régions électriquement
isolées ou mal connectées d’un dispositif semi-con-
ducteur a bande interdite indirecte, ledit procédé
comprenant les étapes suivantes

exciter de maniére externe ledit dispositif semi-con-
ducteur a bande interdite indirecte pour faire en sorte
que leditdispositif semi-conducteur a bande interdite
indirecte émette une luminescence ; et

capturer des images de luminescence émises par
ledit dispositif semi-conducteur a bande interdite in-
directe en réponse a ladite excitation externe ; ca-
ractérisé en ce que ledit procédé comprend en
outre I'étape de :

comparer une intensité relative de régions dans une
premiere image de luminescence avec une intensité
relative de régions correspondantes dans une
deuxieme image de luminescence, identifiant ainsi
des régions électriquement isolées ou mal connec-
tées dudit dispositif semi-conducteur a bande inter-
dite indirecte sur la base de différences entre les
intensités relatives des régions dans la premiére
image de luminescence et la deuxiéme image de
luminescence, dans lequel ladite premiére image de
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luminescence et ladite deuxieme image de lumines-
cence comprennent :

une image électroluminescente générée en ex-

plusieurs éléments parmi un dispositif en silicium,
un dispositif photovoltaique et une cellule solaire.

Appareil (500) pour identifier des régions électrique-

citant ledit dispositif semi-conducteur a bande 5 ment isolées ou mal connectées dans un dispositif
interdite indirecte avec un signal électrique ; et semi-conducteur a bande interdite indirecte (540)
une image de photoluminescence générée en ayant des bornes de contact, ledit appareil (500)
excitant ledit dispositif semi-conducteur a bande comprenant :
interdite indirecte avec une lumiére incidente
appropriée pour induire la photoluminescence 10 des moyens d’excitation (510, 560) pour exciter
alors que des bornes de contact dudit dispositif ledit dispositif a semi-conducteur a bande inter-
semi-conducteur a bande interdite indirecte sont dite indirecte (540) afin d’émettre au moins une
maintenues dans un état de circuit ouvert ; parmi une luminescence ou une
ou électroluminescence ; et
ladite premiére image de luminescence et ladite 15 des moyens de capture d’'image (530) pour cap-
deuxiéme image de luminescence compren- turer des premiéeres images de luminescence et
nent: des deuxiémes images de luminescence ou
I’électroluminescence émise par ledit dispositif
une image électroluminescente générée en semi-conducteur a bande interdite indirecte
excitant ledit dispositif semi-conducteur a 20 (540) ;
bande interdite indirecte par un signal des moyens pour appliquer 'un parmi un court-
électrique ; et circuit, des tensions externes ou des courants
une image de photoluminescence générée externes aux bornes de contact ;
en excitant ledit dispositif semi-conducteur des moyens de traitement (550) pour comparer
abande interdite indirecte avec une lumiere 25 une intensité relative de régions dans une pre-
incidente appropriée pour induire la photo- miéere image de luminescence avec une inten-
luminescence et en appliquant simultané- sité relative de régions correspondantes dans
ment 'un parmi un court-circuit, des ten- une deuxiéme image de luminescence, identi-
sions externes ou des courants externes fiant ainsi des régions électriquementisolées ou
aux bornes de contact dudit dispositif semi- 30 mal connectées dans ledit dispositif a semi-con-
conducteur a bande interdite indirecte ; ducteur a bande interdite indirecte (540) sur la
ou base de différences entre les intensités relatives
desrégions dans la premiére image de lumines-
ladite premiére image de luminescence et ladite cence et la deuxiéme image de luminescence,
deuxiéeme image de luminescence compren- 35 et dans lequel ladite premiére image de lumi-
nent: nescence et ladite deuxiéme image de lumines-
cence comprennent :
une image de photoluminescence générée
en excitant ledit dispositif semi-conducteur une image électroluminescente générée en
abande interdite indirecte avec une lumiére 40 excitant ledit dispositif semi-conducteur a
incidente appropriée pour induire la photo- bande interdite indirecte (540) avec un si-
luminescence alors que les bornes de con- gnal électrique
tact dudit dispositif semi-conducteur a ban- une image de photoluminescence générée
de interdite indirecte sont maintenues dans en excitant ledit dispositif semi-conducteur
un état de circuit ouvert ; et 45 a bande interdite indirecte (540) avec une
une image de photoluminescence générée lumiére incidente appropriée pour induire la
en excitant ledit dispositif semi-conducteur photoluminescence alors que lesdites bor-
abande interdite indirecte avec une lumiere nes de contact sont maintenues dans un
incidente appropriée pour induire la photo- état de circuit ouvert ;
luminescence et en appliquant simultané- 50 ou
ment 'un parmi un court-circuit, des ten-
sions externes ou des courants externes ladite premiere image de luminescence et ladite
aux bornes de contact dudit dispositif semi- deuxieme image de luminescence compren-
conducteur a bande interdite indirecte. nent:
55

2. Procédé selon 'une quelconque des revendications
précédentes, dans lequel ledit dispositif semi-con-
ducteur a bande interdite indirecte comprend un ou

une image électroluminescente générée en
excitant ledit dispositif semi-conducteur a
bande interdite indirecte (540) avec un si-

15
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gnal électrique ; et

une image de photoluminescence générée

en excitant ledit dispositif semi-conducteur

a bande interdite indirecte (540) avec une
lumiére incidente appropriée pourinduirela %
photoluminescence et en appliquant simul-
tanément I'un parmi un court-circuit, des
tensions externes ou des courants externes

aux bornes de contact ;

ou 10

ladite premiére image de luminescence et ladite
deuxiéme image de luminescence compren-
nent:
15
une image de photoluminescence générée
en excitant ledit dispositif semi-conducteur
a bande interdite indirecte (540) avec une
lumiére incidente appropriée pour induire
une photoluminescence alors que lesdites 20
bornes de contact sont maintenues dans un
état de circuit ouvert ; et
une image de photoluminescence générée
en excitant ledit dispositif semi-conducteur
a bande interdite indirecte (540) avec une 25
lumiére incidente appropriée pour induire la
photoluminescence et en appliquant simul-
tanément I'un parmi un court-circuit, des
tensions externes ou des courants externes
aux bornes de contact. 30

Utilisation de I'appareil selon la revendication 3 pour
identifier des régions électriquement isolées ou mal
connectées dans un dispositif semi-conducteur a
bande interdite indirecte (540), dans laquelle ledit 35
dispositif semi-conducteur a bande interdite indirec-
te (540) comprend un ou plusieurs éléments parmi
un dispositif en silicium, un dispositif photovoltaique
et une cellule solaire.
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Externally excite indirect
bandgap semiconductor
device to emit luminescence

A 4

Capture images of
luminescence emitted from
indirect bandgap
semiconductor device in
response to external
excitation

Determine spatially resolved
properties of indirect
bandgap semiconductor
device based on a
comparison of relative
intensities of regions in two
or more of the luminescence
images
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Excite solar cell to emit
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the solar cell
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image
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